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ABSTRACT

A metallurgical examination was conducted on twelve (12)
2:k; thick rolled homogeneous and sixteen (16) 2ý",thick rolled
face hardened armor plates manufactured by Carne le-.Illinois
Steel Corooration-on -OCOD rPoiject l559. The reSsub mit-al8
investigation indicate that, in e
of the face hardened plates was inferior to that of the homo-
geneous plates. Intis connection, the face hardened nlates
had more pronounced directional properties than the homogeneous
plntes. The averagg Br ---dess of the hoýeou s
wa -26f. The average Brinell hardne'-of tK•?ace }iid-
ened series was found to be face, 465-690, and core 209-243.
The depth of the effective case at Rockwell C 50 varied from
.26%-.O0-in from the face of plate (10 plates tested) while
in two face hardened plates the case depth was .09t-.16*%in
from face of plate. In general, the homogeneous and face
hardened plates were properly heat tr-ated resulting in
fibrous fractures, good V-notch impact properties and a sat-
isfactory microstructure. `

1. As requeste0 by the Ordnance Research Center, Aberdeen', met-
allurzical examination has been completed on twelve samples of 2-" thick
rolled homogeneous armor and sixteen samples of 2J-' thick rolled face
hardened armor plates manufactured by the Carnegie-Illinois Steel Corp-
oration on OCO-D Project 155g. Due to the fact that the first set of

A, APG 470.5/529- Wtn )70o.5/9399(r) - 24 August 1914
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sixteen face hardened sections were cut from the edge of the plates, it
was impossible to determine an accurate measurement of depth of case. It
was observed that near the edge of the plate the case decreased in thick-
ness to a marked degree. It was, therefore, recuested that another set
of sixteen face hardened sections be forwarded to this arsenal for
accurate case depth measurements and that each section be cut from near
the center of the ballistic test plate. In reply to this request only
twelve sepiles were submitted. Sections from plate Nos. 41-3/8, 1-i3/4,
41-13/16 and 4141 were not available for examination. It was reported
that the ballistic properties of the face hardened plates were inferior
to those of the homogeneous plates,

2. , The purpose of this investigation was to conduct an examin-
ation of the semples to determine if there was a metallurgical variation
among the homogeneous or the face hardened plates that might affect the
ballistic results.

3. The plates under investigation are listed as followa:

2r" Thick Rolled Homogeneous Plates 2k" Thick Face Hardened Plates

1A 41 1/16
21A 41 i/S
21B 41 3/16
21C 4.1 1/4
21D 41 5/16
31A 41. 319
31B 41 7/16
41 A 41 1/2
41B 41 9/16
41C 41 5/S41D 41 11/16
51B 41 3/

41 13,/16
41 7/9
14 15/16

1441

4ý The results obtained from tests conducted on the twelve homo-
geneous plates indicated that five Twlates had a steel soundness rating
of "D" while the remainder had "B" and "C" ratings. With the exception
of one sample which showed a trace of crystallinity all s,mfples were
properly heat treated. Generally speaking, the face hardened plates had
more pronounced directional properties than the homogeneous plates as
shown by V-notch impact tests and tensile tests. It was noted that the
face hardened plates exhibited various deg-rees of "woodiness" in the
fractures made on sections near the edges of the plates. In one case
a "DI" rating wis observed in a center section of a face hardened plate
while the remaining center sections had "B" Pnd "C" ratings. The
carburized 'casea exhibited a fine silky fracture. The homogeneous plates
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and the face hardened plates were properly heat treated as shown by the

satisfactory V-notch impact properties at -400PF. The homogeneous plates

were heat treated to a Brinell hardness range of 247-262. The Brinell

hardness of the face hardened plates was as follows, face hardness, 465-

690, and core hardness, 20&-2)43. In general the face hardness near the

center of the carburized plates was slifhtly lower than the face

hardness near the edge of the plate while the core hardness near the
center of these plates was sli.ghtly higher than the core hardness near
the edge of the plates. In a series of ten face hardened plates the
effective case depth to Rockwell C 50 varied from .26" to .20" in from
the face of the plate. In two face hardened plates, however, the case
depth to Rockwell C 50 was only .09" to .16". Furthermore, the case
depth to Rockwell 0 40 varied from .58"to .O" in from the face of the
platez. The micrcstructure of the homogeneous plates consisted of
tempered martensite. The carburized cases of the face hardened plates
were fairly free from pronounced carbide segregations while the cores
had a structure similar to that of tempered bainite.

5. The metallurgical examination consisted of the following testes

a. Chemical analyses of selected plates.

b. -Fibre fracture test.

c. Fracture test for steel quality.

d. Brinell hardness surveys.

e. Rockwell C hardness surveys.

f. V-notch Charpy impact tests.

•. Tensile tests.

h. Micro3copic examination.

6. The results of the metallurgical eximinutions are as follows:

a. Chemical Analyses. Chemical snplyses of representative
samples are -iven in Table I.

b. Fibre Fracture Test. Fibre fract'jr? tests were made on
properly notched sections and the steels rated -tih re-pect to their
heat treated condition, the results of which are 21ven in Tables IV and
V. All of the face hardened plates fractured in : fibrous manner and
all except one of the rolle'! homogeneous plates were fibrous. The
carburized cases were silky.
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,a. Frac-ture Test for Steel Q~uality. The results oil thl~s te~st
in.i-ated. that of the roled. homogencous plates, five had. a steel sounness
rating of "D" while the ramainder were satisfactory. The sam-ples removed.
frobi the edee of the Lace hardened. plates exhibited various degrees of woodi-
nesa. The central areas of these Lace hardaened. -lates did not exhibit this
woodinesa to such a *pronou~nced. degree a% noted. in the PLdges. One sample,
"~o. )41-.5116 exhibited. a ".0 fract-Ure in the central area of the plate. Th e
resUts of th8 fracture tasti3 are given In Tables9 IV and V,

g,. Brinell hýardness Surveys. Brinell hardness readings were
taken on the surface anai cross Section Of the' h0moge,8oU3 'plates. Oa the
face harioned. seriesa Brinell readings were taken on the face and cross sec-
tions of the core. All readings were equi-istantly pac VfrWhO~
sections tested.. The hardness values are liste~i in Tables 11 and III. It- was
note.-, in most of the Lace ha'dened. plates, that in the core har6.nesses ta~ken
on samples froms the edee Of the plates the 1rnmed~iate cent-er of the core had.
a Brinell. hardness which was 20-30 points higher than the rest of the section..
This may be due to metallic segregation present in the centor of the cross
section.

.9. Rockwell CHarzkiesu6uveys. Rockwell 0 surveys were made at
.05" intervals across the carburized. zone, sea Figures 1 and 2. "The case
depyth to Rockwell C 140 varied. from .5eq to .;500 in from the Lace off the plate..
The case d~epth to Rockwell C 5Cwhich may be termed. the effective case varied.
from .265 to .140" in from the face of the plate. In two face hardened nilates,
h~owevesr, the ca~e aepth to Rockwell C 50 was -only .09" to -10"".

£. V-otch Charoy Impact lests. The results of thes V.-aotch C-hamry
impact tests made on represe-ntat.1ve &-imples taken in longituadinal and. trans-
verse directions of the homogeneoaa and facm hardened. plates are given in
Tables 17 and. V. The values obtained. indicate that the plates were properly
heat treated and correlate with the results received in the fibre fracture test.
Generally soeaking, the face herdened -plates had more pronouncod *airectiona3.
properties tlian the homogeneous plates as shown by V-notch Impact tests.

j*. lok .1alA Tensile tests made in the longitudinal and.
transverse directions on samples are given In Table VI. The results of these
tests indicate that the face hardened. plates exhibited graater directional
properties than the nomoegeneous nlates.

Ii. M.Ic roscopic Examiination. The pronounced. llwoo.yfl condiition
noted near the edge of some of the face hardened -plates was associatea with
a segregation of alum~inii streaks. Face hardened plates which only exhibited
a trace of woodiness near the edge con~tained a series of short fine manganese
sulphide inclusions. !he central areas of the face hardeýnec. plates contain'ed
occasioual 3uilphide-silicýat* nonmeta-ll1ic inicllusions. ý*,o marked. segregation
of nonmetallic inclusions was daetected. in the serier; ef homogeneous plates.
A&pparently the directional properties notea in thie Lace haraeried plates were
associated with the elongated. nonmetallic inclusions jet-,cted in thesse samples.

-4.
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The microstructure of the rolled homogeneous plates is typical of tempered
martensite. The microstructure of the outer cases of the carburized plates
consisted of some excess fine carbides in a martensitic mratrix whereas in
the inner cases the carbides were of the globular type. This correlptes
w4th the silkiness of the carburized cases obtained when fractured. The
microstructure of the cores consisted of a uniform distribution of fine
carbides in a matrix similar to tempeared bainite. PhotomicrogrephR are
preqented which illustrate typical microstructures of the outer and inner
car'ur'1ed cases and cores of the face hardened plates, see Figures 3 and 4.

M. Yoffa
Pkys. Sci. Aide

1. L. Reed
Research Metallurgist
Acting Cnief, Armor Sect.
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TABLE II

Results of Brinell Hardness Survey Conducted on 2½-" Thick

Rolled Homo*reneous Armor Plates

Plate .Surface Hardness Cross Section Hardnesu

• 0 Ranp-e Average R2niz Aversge

11A 255 255 249-255 253

21A 255-262 261 255-269 262

21B 262-269 263 255-262 259

21C 255-262 260 255-262 258

21D 262-269 267 262-269 263

31A 255-262 255 24--255 253

31B 255-262 257 248-262 255

41A 2•4-255 251 241-255 247

41B 249-255 251 214-255 251

41c 249-262 257 241-255 250

41D 24.-255 253 241-255 249

513 255-269 264 255-269 259



TABLE I I I

Results of Brinell Hardness Survey Conducted on 2½-" Thick Rolled

Pace Hardened Armor Plates

Face Cross Section of Corp
Plate Center Center- Edge- o. R•ne - Al -Rng Ay&,. Rag AM Range An,

41 1/16 601-627 607 653 653 223-229 226 207-229 212

41 1/9 6ol 6Ol 555.-601 570 217-223 220 217 217

41 3/16 6o0 601 - 555-578 563 223-229 225 217-223 218

41 1/4 627 627 534-555 549 241-2•14 243. 223-229 226

41 5/16 )495-555 519 627-653 61441 229-235 231 217-229 223

41 3/8 - - 534-601 563 - - 217 217

41 7/16 601 6Ol 555-.6o 594 223-255 233 207-212 211

41 1/2 653 653 653 653 223-235 231 217-223 221

41 9/16 555-579 560 627-6g2 654 212-229 219 223-229 225

41 5/9 578 578 601-653 627 212-229 216 212-217 215

4l 11/1.6 444-477 465 627 627 241 241 212-217 215

41 3/14 -- -- 601-627 61g - - 212-223 228

41 13/16 9- --- 62-712 690 -- -- 212-223 216

41 7/9 514--534 522 653-712 692 229-235 233 207-212 208

41 15/16 6o1-62T 617 627-653 644 212-255 230 207-223 211

441 - -- 511-6o0 572 --- - 207-217 212



TABLE IV

Surnary of the Results of' Teatc Conducted on 2~"Thick Elb ~ enpou"

Plat e Fractur- 7 -ttR
No. Fibre Steel !:uislity '-v#-. Crs- ~jp-t~ •Th rpct1'n )f -'1ii 7At- 'Lbs.

B ~~Longitudi~nal 2

11A B253 Transverse,-, 57.7

iaangitid~iDwa3t - 71.3
2 1A FB 262 Transve rtse`- r' 5.

21B F C 258

21C F C 2589

3A FD21Longitudinal 74.7

31B F C 255

T!JB F B 251- -

41 D20Lonlgitudinal 9ýo.6

hiC D 20 t rancverse - 62. 3

4DF D2~49

53 _Tr. of
5B crystallinity G 259 --

*F _ Fibro~us
*All1 V-notch Ciarpy bars were cat from the miiwaUl of the platee.
Midwall indlcateg a -Pbsgtion balfway betv3 8en the centeredsriU ftpa



TABLE IV

Conducted on 2"Thick !24ýAnm.m HUtfAtlArmor Firntpe

J •D trectI-)n )fjtll ini -Ft-Lb9s frrctiare Ft./lbhs ?r,.&ct-;rP

Lonr~itudinaJ. 7?.S F 71.3 i
Transverse-,',: 57.7'' 55.0

Logtdii3 ~ ; 71.3 Fbq9. F
TrAnsverse-';t 514.1 F ru.9 F

Logtdnl7147 F -rirwoodines 71.1~ F
Loansvterse, 61.14 F 56,14 F

Lonitudinal3 90.6 F-c.ome wooiness7l.3 F-.ýo-~o woodiness
Tr~nsverse 62.3 F 55.6 F

"if the plates,~
'inter and szim --.or t6-plate.



sto 94t X~xMMoHrdness Aven"a

simple so W 50..' 0-912- 22.. Qif cas t

a i/i* xiwous Silky Sma 3 54A~5

41 16voody,5
41 1/8 .70s' .38' Jibrous Silky .3 ronote• 3 56.5 2aD

voody

41 3/16 . .588 ..6@ 1ibrois Si.ky 3 roB 55.0 2Z

woody

1l1 i/.li .60'. .36' i~1brouau Silky •mdrt 3 57.5 2h3.
4 51/16 .58' .09s nbrous Silky pronouaced, 50.5 231

woodj

41 31 a - .pranounco• -

41 /46 .68' .30' Fibrous Siky B moderate B 55.5 233woody

41 1/2 "Son .26' Yibrouas liiky B 3 56.5 231woody

pronounced

41 9/ 16 .5an .16N librous Sil.ky C wo 0 nCd Q 53-5 219

•I ]3/16 -- - -- - CvoodTy

hi 5/9 .63' .36* Fibrous Silky 3 pro"Oed. B 545 216

41 14/16 .so' . ibrous Sil5 y B woo"y 50.0 2541wood4y

i341 . -. .. pr onosu• d. -
woody

S1 -no/h16 ae we n pronounced. s41 13/6 - Cwoody

41 7/9 .65' .26' Xibrous2 Silky B prnacned B51.1 233

41 15/16 .64v A.140 Fibrouos n in reas C pronounicd t 5ltwoody

4P41 modera-te -

wood~y

LOTY: 7-notch C1b.rpy bare were taken froma widxali section of plates. Ricivid1 in facq tarder,

*Samples taken from centrttl areas of ballistic test plate.
*4Swpl*r, takm frow areas aear edge of ballistic test plate.



mxim•ax.ue__mG of VW#- r,.oeat Of +70.
=t___t_____it _ 3m a Convrtd ROIA Jtdkka. _____

354,5 .226 19.

B 56.5

55.0 25 -9

S57.5 243 23

50.5 231 21

*Longitudinal 106.2 Fibrou
55-5 233 a.5 *Transverse 67.5 librou""*Lonetudinal 103.6 Ilbrou

$'frnsverse 65.6 Fibrmi

3 56.5 231 2.

,Longitucitnal '131.3 Yjbrus (wo

A. brou~s (brak"T• ran ever ase 46.6 J•brous (brolm
S53.5 219 17.5 of 1amiL

"eLongi tudinal 99-5 Fi.brous (broekt
of 1anina

**Transverse 67.0 Fibrous (wo

3 54.5 216 17.5

B 50.U 241 23

3 51.2 233 21.5

c Lon~gitudi.mal 127.0 Jtbrous (Not
"20.5 " -ngyere . -'bz-ous (broeK

of Inminat

.. eLongitudi-LM& 112.2 Fibrous (tr of w.
"Tfransver se Ybroms

ýtion of plates. Midvall in !acs hard~ened plate refers to a position halfway between the cetst

:est plate.
Sc tes~t pl•n..



~~t4.to n G IZDY .at T~ests
irection of +T1OJ. -40"r.

Rollin iLb.. , lracLm ,, Ab.

.ongituaiinkl 106.2 Fibrous 101 .6 Fibrous
j ranaverse 67.5 Albrous 65.6 librous
Longitudinal 103.b Fibrous 113.7 Fibrous
2.rnsverse 65.6 fibrouE. 67.5 Fibrous (woody)

orA~i t- 1.31- Fibro':.s (woody) F0.3 Fibrous (woody)

-_rncver~e 4.6 Fibrous (broken ends 4ibrous (broken ends
of lzminations) of l=inations)

50 5 Fibrous (broken ends 98-5 Fibrous (broken endz
of laminations) of laminations)

r orn 67.0 Fibrous (woody) 67.5 Fibrous (woody)

Lorgit t ,! 127. tibroue (woody) 99.5 Fibrous (woody)
`7. F_'ibrous (brokeen endsn en.of )l.na.itiors) 65.6 of lam(r-toe ns)

longitudiaal 112.2 Fibrous (tri of woodiness) 112.12 2ibrous
T ransverse Fibrous 77.6 Fibrous

to a position halfway between the center an& rear fao.



Tensile Tests

Test Bar .357' Diameter

Location, ofr. -

Plate No. Type Test Spcimen Direction Lbs./h.In. Lbs•f+lo.-

11A iimogeneous Midwall Longit uIn-al 105,500 12.0000
iiA Homogoneous Mid.ivaf Transverse 106,500 125,500

AA Homogeneous Midwall Longi tudinal 110,000 1v,000
21"i Homogeneous kidwa.l1 Transverse 109,500 130,500

31A Homogeneous Midwall Longi tudinal 107,500 125,500
314 Homogeneous Midwall Transverse 107,500 125,000

410C Eomogeneous Midwall Longitudinal 103,750 123,000
41., Homogeneous Midwall Transverse 103,120 122,500

41 7/16 Face haraenec. MiCIwall *Loi-gitudinal 100,000 135,000
41 7/16 Aice Hardened Midwall *Transverse 114,000 157,000

41 7/16 Face Hardened Midmall OsLongitudinal W,000 105,000'
41 7/16 Pace Hardened Midwall "Transverse 82,500 106,000

41 9/16 Face Hardened Mid, a 1 *Longitudinal 93,500 1i1,500
41 9/16 Face Hardened Midwall *Transverse 87,500 125,000

41 9/16 Face Hardened Midyall "*Longitudinal 80,000 107,900
4i 5/16 FAxe Hardened Midwall **Transverse 84,500 10IMO

'41 15/16 Face Hardened Kidba1 **Longitudinal 77.500 102.000
41 15/16 Face Hardened Midwall *"Transverse 80,500 100,900

44~ Face Hardened Midwall. **ioD~gtLixnaI 80,000 1014,000
441 Face Hardened Micdwall **Transverse 83,750 106,o00

iiOTd: M+ill indicates a position halfway between the center and surface of thelp
i-lid::all in face hardened plate refers to a position balfvay between the cent

S , t-ken from central areas of ballistic test plate.
i taken from areas near edge of ballistic text plate.



Tensile Test.

Test Bar .3574 Diameter

ion of 1.S. T.S. -

necimen Direction Lbs./LQ.In. Lbs.SCL.In. 1. R.A. Average Cross-Sectional B-N

wall Longitudin-al 105,500 121,000 22.1 64.4 2
•I Trznxzverse 106.500 125.5':0 20.0 58.9 253

wil Lonr itu"ina1 110,000 12,000 20.7 63.7 -6
Tr•.n svers e 109,500 130,500 20.0 38.9

.,zll Lonjitd•jinal 1U7.500 125,500 20.7 62.0 258
.Tf :-.nser&~e 107,500 125,000 ).C 59.6

Lon-gi`t dinual 103.750 123,000 211 63.7 250
!r.ý•a•yer e 103,120 122,500 20.7 58.1

Avc:_ge Cross Section
of Core - BIN

Near Central
Rear 4 Ae ame. of
of Plate Plate

Lo:igitdfinal IUO,WUO 135,000 11.9 56., 333
ranTru erse 114,o000 157,000 12.9 38.4

lwi! *'Lor i t uiulWU v8, C0o0 105,00() 26.4 71.6 21]
i;1 T:ansyrsre 82,50 106,OOO 25.0 66.o

Ia).! I Lorii tuaiail 93,500 131,500 17.9 55.9
Nail *Tr-nsverse $7,500 125,O00 18.6 53.3

"• Longitud i.1 8,S0000 107,900 25.0 70.7
waIi "Trainrse 814,500 108,800 23.6 61.3 225

imall Lani tudii 77,500 102,000 25.0 72.5
1-,;a•i 'rz*Tverse 90,500 100,900 23-6 59-9

Longitudinal 80,000 104,OOO 26.4 71.6
10-r, *r•.-nzver •e 83o750 106,0oo 25.0 63.4 Z12

Lion týlf-Pay between the center azd surface of the plate.
.lute refers to :. position halfway between the center and rear faco.

I :xeas of ballistic test plate.
a'..Xr eo.e of bi.11istic test plate.
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2 F ACE HARDENED ARMOR
M~ADE BY CARNEGIE -ILLINOIS STEEL CORPORATION

R;X)('RWELL.C" HARDNESS SURVEYS ACROSS THE CARBURIZED CASE
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Microstructure of 2-1" Thick Rolled Homogeneous
Amor Plates

XlOOO 11A Picral
enmrered martensite.

XloQ ý31A Picral
Tempeiedlmartens ito.
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